Adhesive contact model between an elastic cylinder and an elastic half space is studied in the present paper, in which an external pulling force is acted on the above cylinder with an arbitrary direction and the contact width is assumed to be asymmetric with respect to the structure. Solutions to the asymmetric model are obtained and the effect of the asymmetric contact width on the whole pulling process is mainly discussed. It is found that the smaller the absolute value of Dundurs' parameter β or the larger the pulling angle θ , the more reasonable the symmetric model would be to approximate the asymmetric one.
Introduction
Contact mechanics has been widely applied in many branches of engineering since Hertz [1] gave the famous Hertz solution in 1882. In the later experiments [2, 3] , it was found that at low loads contact areas were considerably larger than those predicted by Hertz and tended towards a constant finite value as the load was reduced to zero. Molecular interactions between contacting objects should be incorporated into contact mechanics models. Johnson et al. In recent years, contact mechanics is also becoming a valuable platform to study biological adhesion systems such as cell-cell contact [6, 7] , cells on stretched substrates [8] , as well as adhesion systems of gecko and insects [9] [10] [11] [12] [13] [14] [15] [16] . In most of the adhesive contact models, the external force is normal to the contact interface, which allows us to conclude immediately that the contact area is symmetric with respect to the contact model. However, in order to simulate some special state of bio-adhesive tissues or bio-experiments, such as geckoes climbing on a wall or titled micro-pipette technology to measure the adhesive force between cells, the external force is titled to the contact interface, what effect will happen to the contact area? Is the contact width in the plain strain model still symmetric with respect to the axis of the contact model?
A plain strain generalized JKR model of an elastic cylinder subjected to an external force in an arbitrary direction, in adhesive contact with an elastic half space, has been investigated by Chen and Wang [17] , in which the contact region is assumed to be symmetric with respect to the studied structure. Actually, this assumption is not strictly correct because it will result in asymmetric energy release rates at two contact edges due to the oscillatory characteristics of the contact pressure.
In the present paper, the assumption of symmetric contact width is given up and the adhesive contact model in Ref. [17] is investigated further. Exact solutions to the present contact model are obtained and the influences of the symmetric assumption on the final solutions are mainly discussed.
Adhesive contact model
The asymmetric model of an elastic cylinder of radius R in adhesive contact with an elastic half space is studied in the present paper as shown in Fig. 1 , in which an external force F in an arbitrary direction, θ , is acted to pull the above cylinder. (E 1 , ν 1 ) and (E 2 , ν 2 ) denote the Young's moduli and Poisson ratios of the upper cylinder and lower half space, respectively. The contact region is assumed to be perfect bonding with a contact length a on the right side and b on the left one. (x, y 1 ) and (x, y 2 ) are two Cartesian coordinate systems with y 1 and y 2 pointing into the upper and the lower solids, respectively. Due to the assumption of perfect bonding, the edges of the contact region resemble two opposing interfacial cracks under plane strain deformation.
As in almost all contact mechanics theories [19] , the contact width a + b is assumed to be much smaller compared to the radius of the cylinder R. The pulling force is assumed to be properly added such that no net bending moment on the contact region is produced. This assumption is not trivial and accepted by almost all literatures in the field of contact mechanics, which can be actually realized in experiments, such as Ref. [19] .
Solutions to the contact model
On the basis of the above model, we can express the continuity condition of displacements across the contact Fig. 1 Plane strain model of an elastic cylinder adhesively contacting with an elastic half plane. F is an external pulling force and θ the pulling angle. (E 1 , ν 1 ) and (E 2 , ν 2 ) are the Young's moduli and Poisson ratios of the cylinder and the half plane, respectively. R is the radius of the cylinder. b is the left contact width and a is the right one interface as
whereū x1 andū x2 (ū y1 andū y2 ) denote the displacements of the contact surface in the x (y i , i = 1, 2) direction of the above and lower materials, respectively; δ is the relative central displacement, which has the same definition as Ref. [18] . Assumption of parabolic shape of the upper cylinder yields the second term on the right side in the second equation. Differentiating Eq.
(1) with respect to x yields
The surface displacement of an elastic half-space can be related to the surface tractions via Green functions of an elastic half space. When this is done, Eq. (2) leads to two coupled integral equations,
where P(x) and Q(x) denote the normal and tangential tractions along the contact interface of the cylinder, respectively. The generalized effective modulus E * is 
where the coefficients of matrices are f(s) = Q(s) P(s) , A = 1 0 0 1 = I ,
